Abstmct-An adaptive scheme is presented for actuator fault detection and isolation (FDI) in robotic systems, based on the use of generalized momenta and of a suitable overparametrization of the uncertain robot dynamics. This allows to obtain an accurate and reliable detection and isolation of possibly concurrent faults also during the parameter adaptation phase. Experimental results are reported for a planar robot under gravity, considering partial, total, or bias-type failures of the motor torques.
I. INTRODUCTION
Fault detection and isolation (FDI) consists in recognizing the occurrence of a fault (detection) affecting the nominal behavior of a dynamic system, and discriminating it from other possible faults or disturbances (isolation). Instead of replicating critical components subject to fault (physical redundancy), a fault-tolerant behavior may be achieved also through the suitable processing of the available information (analytical redundancy) which would then trigger the task or control reconfiguration in response to the specific fault detected.
In the case of robot manipulators, any difference between the commanded torques and the actual driving torques experienced by the robot can be seen as an actuator fault. In this way, beside the partial or total failure of a motor, one can also model the occurrence of unexpected contacts with the environment or of motor saturation phenomena. FDI methods usually work with input-output signals and/or are based on the use of a dynamic model of the system. The most effective model-based approaches to robot actuators FDI imply a perfect decoupling property: for each input channel (joint torque subject to faults), an output signal (residual) is generated which, at least in nominal conditions, is affected only by faults occurring on that channel and is independent from other possible faults on different channels. Such a FDI scheme has been proposed in [l] , based on a stable filtering of input torques and robot dynamics. In [2] , the explicit use of generalized momenta led to the same result, but with a reduced computational load. Both schemes do not require joint acceleration measurements nor the simulation in parallel of the full robot dynamics.
In the presence of parametric uncertainties in the robot dynamic model, adaptive versions of FDI schemes should be devised. Furthermore, additional disturbances (measurement noises, unmodeled dynamics) require the use of small but finite detection thresholds in actual experiments; to increase sensitivity, the threshold values should be varied along with parameter adaptation. In [l] , an adaptive FDI scheme has been proposed, based on the property of linearity in the unknown parameters of the robot dynamics. However, it is assumed that adaptation is done before the occurrence of any fault and, in addition, a new adaptation phase is needed at every change of the robot task trajectory.
The purpose of this paper is twofold: z ) to present the actual implementation of the FDI scheme introduced in [2] , including an adaptive version; zz) to propose and evaluate an over-parametrization of adaptive FDI schemes that allows to overcome, at least to some extent, the limitation of keeping separate adaptation and fault detection phases. Experimental results of this adapt-and-detect scheme are reported for the Quanser Pendubot, a 2 R robot with a passive joint moving in the vertical plane, subject to intermittent and concurrent actuator torque faults.
MODELING
The dynamic model of a rigid robot manipulator, with generalized coordinates q E Rn, possibly undergoing actuator faults is
where M(q) > 0 is the (symmetric) inertia ma- but requires less computations (the integral of Q instead of filtering the whole left-hand side of eq. (1)). Moreover, the idea of using generalized momenta for designing an input FDI scheme is rather natural and can be extended to other electremechanical robotic systems (see [2] ).
IV. ADAPTING THE F D I SCHEME
It is well known that the left-hand side of eq.
(1) is a linear function of a suitably defined vector of constant dynamic parameters (see, e.g.
, [ 3 ] ) .
Similarly, also the generalized momenta p and the nonlinear terms Q in eq. (2) can be written as
where 8, and 8, are separate parametrizations. where the components of a(q, G), for i = 1,. . . , n, are given by Note that only part of the Coriolis and centrifugal terms in c are present in Q. From eq. (2), each fault (and nominal input torque) affects one and only one component of p . In particular, this decoupling allows identifying separately concurrent actuator faults, by defining the residual vector as
(4)
In the absence of faults, the evolution of the residual vector r is driven by the uncertainty in the robot .dynamic parameters knowledge
being 8, = 8, -8, and 8, == 8, -8, the parameter errors. Define the following adaptation rules I ,.
-with ra > 0 and I?, > 0 (typically diagonal).
In order to show that, in the absence of faults, the residual vector T asymptotically converges to zero, the following assumption is introduced. 
Y,T(t)-YT(t-T)
where
that T is sufficiently small. Therefore, since a linear, slowly-varying system having eigenvalues with negative real part at all times is asymptotically stable, convergence of r to zero with the modified adaptation scheme (9,12) follows.
V. AN ADAPT-AND-DETECT SCHEME
Following [l] , in order to make the proposed FDI scheme adaptive, one may perform a preliminary parameter tuning, during which the residual vector is driven below a dynamically set threshold, and then stop adaptation, having the FDI system ready to detect possible actuator faults. However, such an approach suffers from some limitations:
The FDI functionality of the system is disabled during parameter adaptation.
0
The steady-state values of the parameter estimates (8 or (ea, 8,)) depend on the robot task trajectory. In general, a new adaptation phase must be performed each time the class of trajectories changes. The threshold for fault detection depends on the value attained by the residual T when the adaptation phase is stopped. The higher is the desired detection sensitivity, the longer must be the adaptation phase. In order to overcome these limitations, an overparametrization of the robot dynamics can be considered. For i = 1,. . . ,n, rewrite the i-th equation in (2) as Note finally that 6; and 6 ; contain in general just a subset of the parameters 6 , and e, , i.e., 
&(t) = I'kYzi(t)Kiri(t) vdfi(t) -Y,T,(t -T)
egt) = ri P a 3 + a 2 c 2 (15)
Kiri (t) 7 T being and positive.definite matrices. The adaptive FDI scheme (14-15) has the same formal structure of (7), (9) , and (12), sharing where ( q l , q 2 ) = 0 is the downward equilibrium thus the same convergence properties. At the cost configuration and a shorthand notation is used for of a higher dimension of the parameter update sine/cosine. Being the second joint passive, it is dynamics, this modified scheme has the following always The overparametrization l,e& in this case to (e.g., in response to payload or friction changes) and residual components. Fault time intervals are also indicated. From Fig. 4 , detection and isolation of the two actuator faults is clear. Note that both residuals have almost reached their steady-state values when faults occur, and asymptotically converge to zero at the end of the fault interval (the noisy behavior of residual TI is introduced by the PWM circuit driving the DC motor).
Experiment 2
The first joint variable is being regulated to the reference value Figures 5-7 show the obtained results. In this case, the two faults occur at a very early stage of parameter adaptation. Nevertheless, both faults can be clearly detected and distinguished from the behavior of the two residuals in Fig. 7 .
VII. CONCLUSIONS
A new adaptive scheme for detecting and isolating actuator faults in robot manipulators has been proposed and evaluated experimentally, based on the use of generalized momenta as introduced in [2] . The FDI scheme works under uncertain knowledge on the robot dynamic parameters and allows a more reliable fault detection even when dynamic parameters are still being adapted, thanks to a suitable overparametrization. The experimental results indicate that detection performance is suitable for real-time activation of control or task reconfiguration strategies in response to the isolated faults.
